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The p21-Activated Kinase PAK Is Negatively
Regulated by POPX1 and POPX2, a Pair of
Serine/Threonine Phosphatases of the PP2C Family
flanking sequences (Figure 1A) which are not present in
other phosphatases. The POPX2 mRNA expression is
ubiquitous, while POPX1 mRNA expression, like PAK’s,
is high in brain and testis (see information at www.
kazusa.or.jp/en/).
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Singapore To confirm the two-hybrid interaction, we tested
whether POPX1 and POPX2 could coprecipitate with2 Institute of Neurology
1 Wakefield Street 1PIX from COS-7 lysates. Plasmids encoding glutathi-
one-S-transferase fusions of POPX1, POPX2, or variousLondon WC1N 1PJ
United Kingdom deletions of POPX1 were cotransfected with Flag-1PIX.
Immunoprecipitated Flag-1PIX associated with the
full-length phosphatases but not with GST-POPX1-N1
or GST-POPX1-C proteins (Figure 1B): these sequencesSummary
are largely divergent between POPX1 and POPX2. How-
ever,1PIX coprecipitated with the GST-POPX1-N2 pro-The Rho GTPases are involved in many signaling path-
tein, which contains sequences N-terminal to the cata-ways and cellular functions, including the organization
lytic domain that are uniquely homologous betweenof the actin cytoskeleton, regulation of transcription,
these two phosphatases (see alignment in Figure 1A).cell motility, and cell division. The p21 (Cdc42/Rac)-
Thus, POPX1153-269 and by inference POPX265-191 are iden-activated kinase PAK mediates a number of biological
tified as being required for the interaction with PIX (Fig-effects downstream of these Rho GTPases (reviewed
ure 1B).by [1]). The phosphorylation state of mammalian PAK
Different plasmid constructs encoding various PIXis highly regulated: upon binding of GTPases, PAK is
isoforms and truncation mutants were coexpressed withpotently activated by autophosphorylation at multiple
GST-POPX1 or GST-POPX2 to determine which regionsites, although the mechanisms of PAK downregula-
of PIX bound the phosphatases. Residues 1PIX459-555tion are not known. We now report two PP2C-like ser-
(which are conserved inPIX) were required to associateine/threonine phosphatases (POPX1 and POPX2) that
with both phosphatases (Figure 2A and Figure S1 [avail-efficiently inactivate PAK. POPX1 was isolated as a
able with this article online]). The PIX N-terminal SH3binding partner for the PAK interacting guanine nucle-
domain binds the conventional PAKs (, , and  iso-otide exchange factor PIX [2]. The dephosphorylating
forms) [2], but no binding site is present in nonconven-activity of POPX correlates with an ability to block the
tional PAK4/5/6. To confirm that PAK, PIX, and POPXin vivo effects of active PAK. Consonant with these
could form trimeric complexes, GST-POPX1 or GST-effects on PAK, POPX can also inhibit actin stress
POPX2 were coexpressed with HA-PAK, with and with-fiber breakdown and morphological changes driven
out Flag-1PIX. HA-PAK could be detected in the GSTby active Cdc42V12. The association of the POPX phos-
pull-down only when 1PIX was present (Figure 2B). Thephatases with PAK complexes may allow PAK to cycle
results show PAK and POPX bind to different regions ofrapidly between active and inactive states; it repre-
PIX and that a trimeric complex of POPX-PIX-PAK cansents a unique regulatory component of the signaling
form in vivo.pathways of the PAK kinase family.
Results and Discussion POPX Can Dephosphorylate
and Downregulate PAK
PIX Interacts with Novel Phosphatases The ability of Cdc42 to activate PAK in COS-7 cells was
We isolated human POPX1 (Partner of PIX), a PP2C- compromised by coexpression of either phosphatases
like phosphatase, as a PIX-interacting protein in a two- (Figure 3A). While Cdc42V12 increasedPAK kinase activ-
hybrid screen using full-length PIX as bait: PIX was ity 25-fold, coexpression of POPX2 or POPX1 signifi-
subsequently found to bind as efficiently (see Figure cantly antagonized PAK activation. PP2C phospha-
2A). POPX1 comprises 757 amino acid residues with tases are known to act as negative regulators of a
235 and 270 residue extensions at the N and C termini, number of signaling pathways, including those involving
beyond the core phosphatase domain. A different gene the human stress-responsive p38 MAPK and JNK pro-
product, POPX2, was identified in GenBank as a putative teins [4], and the yeast HOG cascade [5] by dephosphor-
protein phosphatase which shares extensive homology ylation of protein kinases such as MKK6, SEK1, p38
with POPX1 (Figure 1A). The shorter POPX2 comprises MAPK, and Hog1.
454 amino acid residues and has been suggested to To determine if POPX phosphatases were likely to act
correspond to a human homolog of the worm FEM2 directly on PAK, we next determined whether autophos-
protein [3]. POPX1 and POPX2 exhibit 66% similarity phorylated PAK is a substrate for POPX in vitro. Bacte-
over the core phosphatase domain and homologous rial-expressed active GST-PAK was incubated with alka-
line phosphatase (CIP), recombinant PP1, or recombinant
POPX2 (the larger POPX1 was poorly expressed). The3 Correspondence: mcbkohcg@imcb.nus.edu.sg
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Figure 1. PP2C-like Phosphatases POPX1
and POPX2 Bind to PIX via Conserved Se-
quences N-Terminal to the Phosphatase
Domain
(A) Schematic representations of POPX1 and
POPX2. These proteins correspond to
KIAA1072 and KIAA0015 of the Kazusa cDNA
collection. The PP2C phosphatase domain is
shaded. Hatched area represents region of
homology between POPX1 and POPX2. The
solid black bar represents the two-hybrid
positive clone isolated with PIX. The similar-
ity index refers to consensus at amino acid
level between the two proteins and includes
identical residues and conservative substitu-
tions; the numbers to the right refer to amino
acid residues in each. Truncated clones used
in (B) are shown. In the expanded area, an
alignment between the two phosphatases in
the region that binds 1PIX is shown.
(B) Flag-1PIX was coexpressed with (1) GST-
POPX1, (2) GST-POPX2, (3) GST-POPX1-N1
(aa 1–152), (4) GST-POPX1-N2 (aa 1–269), and
(5) GST-POPX1-C (aa 443–757) in COS-7
cells. GST fusion proteins were bound to glu-
tathione-Sepharose beads prior to SDS-
PAGE and Western analysis using anti-Flag
antibodies. Top panel shows the recovery of
GST fusion proteins. Middle panel indicates
that the region between POPX1 residues 153–
269 is required for binding to PIX.
POPX2 protein potently dephosphorylatedPAK, as evi- loss observed with 1.5 g PP1. On the basis of these
results, we suggest PAK is a substrate of POPX.denced by a downward mobility shift of the PAK band by
SDS-polyacrylamide electrophoresis (Figure 3B), while
the other two phosphatases were ineffective by this POPX1 and POPX2 Block the Phenotypic Effects
criterion (except for a minor amount of the lower form of PAK
appearing at the highest CIP concentration). The rat If the PIX-interacting phosphatases are active on PAK
homolog of POPX2 has been reported to act on phos- in vivo, they should be able to block the phenotypic
pho-Thr286 in the “activation loop” of Ca2/calmodulin- effects associated with active kinase. To study this,
depdendent protein kinase II (CaMKII) [6] as well as HeLa cells were first microinjected with cDNAs encoding
other members of the CaMK family. This phosphatase full-length POPX1 or POPX2 (which by themselves did
is not known to bind CaMKII, but recent kinetic studies not give any obvious phenotype). The injected cells were
using synthetic peptides have demonstrated the speci- then challenged with PAKL107F (a constitutively active
ficity of action may relate to a preference for phospho- PAK mutant), which promotes loss of stress fibers (SFs)
threonine over phospho-serine [7]. Upon activation, and eventual contraction of the cells (see Figure 4A, left
PAK is autophosphorylated at seven sites [8]. To con- panel) [10]. In cells preinjected with a marker GFP vector
firm that POPX2 acts on PAK phospho-Thr422, a key (encoding green fluorescent protein),70% of the cells
regulator of activity in the kinase activation loop [9], we showed SF loss due to PAKL107F injection (Figure 4A).
used phospho-specific antibodies againstPAK P-Thr422 Cells showing incomplete loss of SFs were not scored.
(Figure 3B, lower panel), which proved to be an excellent In cells preinjected with POPX1 or POPX2, this value
substrate for POPX2. Similarly, complete loss of PAK was reduced to 45% and 23%, respectively (Figure
4A). However, when POPX1 was coexpressed withP-Ser57 with 0.2 g POPX2 contrasts with the slight
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Figure 3. POPX1 and POPX2 Can Dephosphorylate PAK Directly
and Downregulate PAK
Figure 2. POPX, PIX, and PAK Form Multimeric Complexes (A) Flag-PAK cDNA construct was cotransfected with or without
HA-Cdc42V12 (to activate PAK). Plasmid constructs encoding Flag-(A) POPX1 binds to 1PIX sequences spanning residues 459–555.
PAK and Cdc42V12 were transfected together with those encodingGST-POPX1 expression plasmid was cotransfected with plasmids
GST-POPX1 or GST-POPX2. Flag-PAK protein was recovered us-encoding various Flag-tagged isoforms of PIX or various truncated
ing anti-Flag-M2 beads. The activity of the precipitated PAK wasforms of 1PIX. The plasmids used were Flag-PIX, Flag-1PIX,
measured by in vitro kinase assay using [33P]ATP and myelin basicFlag-2PIX, Flag-1PIX1-459, or Flag-1PIX1-555 (C-terminal trunca-
protein (MBP) as substrate. Each data point is the average of threetions) and Flag-801PIX (80: N-terminal truncation, removing the
experiments normalized relative to PAK without Cdc42.SH3 PAK binding domain). GST-fusion proteins were isolated using
(B) POPX2 shows specificity toward Thr422 of PAK. GST-PAK (5glutathione-Sepharose beads. Top panel shows the Flag-tagged
g) was incubated with various amount of GST-POPX2, GST-PP1,proteins expressed in total cell lysate. Middle panel shows anti-Flag
and CIP at 30C for 45 min. The reaction mixtures were then sepa-Western blot of the GST pull-down. Bottom panel shows the anti-
rated by SDS-PAGE gel and subjected to Western analysis usingGST Western blot of the GST pull-down.
anti-PAK-phsopho-Thr422, anti-PAK-phospho-Ser57, and anti-PAK(B) POPX, PIX, and PAK form multimeric complexes. COS-7 cells
antibodies. GST-PAKL404S, mutant of PAK which, unlike the wild-were cotransfected with the following plasmid expression vectors:
type protein, is isolated in nonphosphorylated state, was used aslane 1, GST-POPX1 and HA-PAK; lane 2, GST-POPX2 and HA-PAK;
control for nonphosphorylated PAK.lane 3, GST-POPX1, Flag-1PIX, and HA-PAK; and lane 4, GST-
POPX2, Flag-1PIX, and HA-PAK. GST-fusion proteins were iso-
lated on glutathione-Sepharose beads, and the protein complexes
eluted were separated by SDS-PAGE and subjected to Western
analysis. HA-PAK was recovered in the GST complex only when
full-length 1PIX was present. The results indicated the presence comes the requirement for Thr422 autophosphorylation
of POPX-1PIX-PAK protein complexes. [8] and resists inactivation by phosphatases. The PAK-DE
also causes SF loss, but its activity is somewhat weaker
[8], as evidenced by the fact that injected cells do not
undergo cell contraction associated with PAKL107F
(data not shown). POPX1 and 2 were nonetheless much1PIX, the number of cells showing SF loss with
PAKL107F dropped to 20% (data not shown), which less efficient in blocking SF loss induced by PAK-DE
versus PAKL107F, while the KID, which directly interactswe ascribe to more efficient targeting of POPX1 to PAK
via the “linker” PIX. Injecting the PAK-kinase autoinhibi- with the catalytic domain [11], retained its potency (Fig-
ure 4A). The results suggest that these phosphatasestory domain KID [10] prior to challenge by PAKL107F
reduced SF loss to 25% (Figure 4A). act by directly dephosphorylating PAK, and point to
P-Thr422 as being a key site of action. The POPX pro-In a similar experiment, a different active PAK mutant,
PAK-DE (PAK S421D, T422E), was used. By changing teins were unable to block the effect of Rho-kinase
(ROCK/ROK), an effector kinase of RhoA [12], indicat-these 2 residues in the activation loop, the kinase over-
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ing that these phosphatases do exhibit selectivity for
PAK (Figure S2).
POPX Inhibits the Downstream Activities of Cdc42
Cdc42V12 promotes the formation of filopodia, cell
rounding, and the loss of actin SF [13], which we pre-
viously ascribed in part to PAK [10]. We therefore exam-
ined whether the PP2C-like phosphatases could antago-
nize signaling events downstream of Cdc42. Plasmids
containing cDNAs encoding various phosphatase con-
structs were microinjected into HeLa cells. After 2 hr to
allow for phosphatase expression, cells were reinjected
with plasmid encoding Cdc42V12. Three quarters of the
cells preinjected with GFP showed phenotypic changes
associated with Cdc42 (illustrated in Figure 4B, left
panel). In cells preinjected with cDNAs of POPX1 fol-
lowed by Cdc42V12, half of the cells showed the active
Cdc42 phenotype (Figure 4B). Coinjection of 1PIX en-
hanced the POPX1 inhibition of Cdc42 (only 35% of the
cells showed SF loss). POPX2 was more effective in
blocking the Cdc42 phenotype (27% SF loss), while
overexpression of a catalytic inactive POPX2m or PP1
had little effect (67% and 75% of the cells displayed the
Cdc42V12 phenotype, respectively). Thus, POPX phos-
phatases can inhibit events downstream of Cdc42 asso-
ciated with PAK activation [8].
In control injections, the PAK-kinase inhibitory domain
KID reduced SF loss to50% (Figure 4B), while kinase-
inactive PAK (PAK-kd) reduced SF loss to 31%, which
was similar to effects of POPX2 expression. However,
no additional protective effects toward SF breakdown
were seen when PAK-kd and POPX2 were coex-
pressed. Although POPX2 might dephosphorylate other
related Cdc42 effectors such as PAK4 [14], which are
probably unaffected by PAK-kd or KID, we suggest
the major target is PAK itself.
In conclusion, we have found two PP2C-like serine/
threonine phosphatases that interact with PIX, dephos-
phorylate PAK, and downregulate the kinase. Although
many targeting and regulatory subunits for PP2A have
been found, none has yet been reported for the PP2C
phosphatases. Our data suggest that 1PIX may act as
a targeting subunit for the PP2C-related phosphatases
Figure 4. POPX1 and POPX2 Block the Phenotypes of Active PAK allowing coupling of POPX to PAK. The identification of a
and Cdc42 phospho-Thr286 in the activation loop of another kinase
(A) POPX1 and POPX2 block the phenotype induced by active PAK. CaMKII as a substrate for rat POPX2 [6] and PAK phos-
Left bar chart: HeLa cells were microinjected with the pXJ-GFP
pho-Thr422 in this report indicates other related kinasesvector as marker and following plasmid DNA constructs: (1) GFP
should be investigated in this respect. Interestingly, thevector alone, (2) GST-POPX1, (3) GST-POPX2, and (4) GST-KID.
Drosophila PIX (dPix) has been found to be an importantAfter incubation for 2 hr, the injected cells (as assessed by the GFP
marker) were reinjected with constitutively active pXJ-HA- regulator of postsynaptic structure and protein localiza-
PAKL107F. After a further 2 hr incubation, the cells were fixed and tion with the participation of dPak [15]. Thus, PIX (which
stained with rhodamine-phalloidin to assess actin SF breakdown. binds to all conventional PAK isoforms) appears to act
Right bar chart: similar experiment performed with active PAK
as a multifunctional scaffold, to activate PAK via its(S421D, T422E).
GEF activity [16], tether PAK to focal adhesions by an(B) POPX inhibits the Cdc42-mediated morphological changes.
interaction with GIT1 [17, 18], and recruit the negativeHeLa cells as in (A) were microinjected with plasmids encoding (1)
GFP alone, (2) GST-POPX1  GFP, (3) GST-POPX1, Flag-1PIX  regulator POPX. Our finding provides an explanation for
GFP, (4) GST-POPX2  GFP, (5) GST-POPX2m  GFP, (6) GST- the tightly regulated state of PAK, which, upon appro-
PP1  GFP, (7) GST-KID  GFP, (8) HA-PAK-kd(PAK-K298A)  priate stimulation, undergoes maximal stimulation
GFP, and (9) GST-POPX2, HA-PAK-kdGFP, prior to microinjection
within 15 s and returns to basal activity by 3 min [19],of pXJ-HA-Cdc42V12. Injected cells are marked by arrowheads in all
and in this context may underlie the observation thatfigures. Each microinjection experiment was performed three times
separate signals are required for the activation and inac-for each plasmid construct;100 cells were injected on each occa-
sion. The bar charts represent the average and standard error. tivation of PAKs. Our study provides a strong support
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